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Coupling of mGluR/Homer and PSD-95 Complexes
by the Shank Family of Postsynaptic
Density Proteins
1998; Sun et al., 1998; Xiao et al., 1998) that are constitu-
tively expressed in brain and enriched at excitatory syn-
apses (Xiao et al., 1998). Currently, there are three mam-
malian Homer genes and at least six distinct transcripts
expressed in brain (Xiao et al., 1998). Like Homer1a, all
Jian Cheng Tu,*‖ Bo Xiao,*‖ Scott Naisbitt,²
Joseph P. Yuan,* Ronald S. Petralia,³
Paul Brakeman,* Andrew Doan,* Vinay K. Aakalu,*
Anthony A. Lanahan,* Morgan Sheng,²
and Paul F. Worley*§
new family members contain an N-terminal, approxi-*Department of Neuroscience
mately 110±amino acid domain that binds mGluR1a/5The Johns Hopkins University School of Medicine
(Xiao et al., 1998). The region of Homer that interactsBaltimore, Maryland 21205
with mGluR1a/5 is termed an EVH1 domain based on²Howard Hughes Medical Institute
homology to domains in a family of proteins that includeDepartment of Neurobiology
Drosophilia Enabled (Gertler et al., 1996), mammalianMassachusetts General Hospital and
VASP (Haffner et al., 1995), and the Wiscott-AldridgeHarvard Medical School
syndrome protein (WASP) (Symons et al., 1996; PontingBoston, Massachussetts 02114
and Phillips, 1997). The EVH1 domain of Homer is con-²Laboratory of Neurochemistry
served at a level of 80% identity between Drosophilia,The National Institute on Deafness
rodent, and human (Xiao et al., 1998). The three-dimen-and Other Communication Disorders
sional structures of the mammalian Enabled (Mena)The National Institutes of Health
EVH1 domain (Prehoda et al., 1999) and the Homer1Bethesda, Maryland 20892
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cently been shown to be similar to the pleckstrin homol-
ogy (PH) and phosphotyrosine-binding protein (PTB) do-
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Other than the IEG Homer1a, all forms of Homer en-
code an additional C-terminal domain with predictedShank is a recently described family of postsynaptic
coiled-coil (CC) structure. The CC domain mediates ho-proteins that function as part of the NMDA receptor±
mo- and heteromultimerization between Homer proteinsassociated PSD-95 complex (Naisbitt et al., 1999 [this
(Kato et al., 1998; Xiao et al., 1998), and such multimersissue of Neuron]). Here, we report that Shank proteins
are naturally present in brain (Xiao et al., 1998). Anotheralso bind to Homer. Homer proteins form multivalent
distinction from Homer1a is that all CC-containingcomplexes that bind proline-rich motifs in group 1
Homer family members (CC-Homers) are constitutivelymetabotropic glutamate receptors and inositol tris-
expressed in brain (Xiao et al., 1998). CC-Homers arephosphate receptors, thereby coupling these recep-
enriched in postsynaptic density (PSD) fractions, aretors in a signaling complex. A single Homer-binding
ultrastructurally localized at the PSD, and coimmuno-site is identified in Shank, and Shank and Homer coim-
precipitate with group 1 mGluRs from brain (Xiao etmunoprecipitate from brain and colocalize at postsyn-
al., 1998). These observations suggest that CC-Homeraptic densities. Moreover, Shank clusters mGluR5 in
proteins function as multivalent adapter complexes thatheterologous cells in the presence of Homer and medi-
bind mGluRs at postsynaptic sites.ates the coclustering of Homer with PSD-95/GKAP.
Analysis of Homer EVH1±binding specificity led to theThus, Shank may cross-link Homer and PSD-95 com-
discovery of other physiological binding partners ofplexes in the PSD and play a role in the signaling mech-
Homer. The Homer EVH1 domain binds an internal, pro-anisms of both mGluRs and NMDA receptors.
line-rich sequence that is approximately 50 residues
from the C terminus of both mGluR1a and mGluR5 (Tu
Introduction et al., 1998). A similar peptide sequence was identified
in the cytosolically disposed N terminus of inositol tris-
Homer is a neuronal immediate early gene (IEG) that phosphate receptors (IP3R) (Tu et al., 1998). In brain,
selectively binds the C terminus of group 1 metabotropic IP3R are enriched in a specialization of the endoplasmic
receptors (mGluR1a and mGluR5) and is enriched at reticulum that extends into dendritic spines, termed the
spine apparatus (Villa et al., 1992). The spine apparatusexcitatory synapses (Brakeman et al., 1997). In the adult
appears throughout the spine and conspiciously ap-brain, Homer is rapidly and transiently induced by physi-
proaches the lateral margin of the PSD (Harris and Ste-ological synaptic stimuli that evoke long-term potentia-
vens, 1988; Spacek and Harris, 1997), precisely wheretion in the hippocampus (Brakeman et al., 1997; Kato
group 1 mGluRs are concentrated (Lujan et al., 1996).et al., 1997) and is also induced in the striatum by do-
This ultrastructure is consistent with the hypothesis thatpamimetic drugs of addiction (Brakeman et al., 1997).
CC-Homers couple mGluR in the postsynaptic mem-The Homer IEG, now termed Homer1a, is a member of
brane to IP3R in the spine apparatus (Tu et al., 1998).a family of closely related Homer proteins (Kato et al.,
Synaptic mGluR-mediated release of Ca21 in dendrites
of Purkinje neurons is highly localized (Finch and Au-
gustine, 1998; Takechi et al., 1998), consistent with spa-§ To whom correspondence should be addressed (e-mail: pworley@
tially localized coupling of mGluR and IP3R. The CC-jhmi.edu).
‖ These authors contributed equally to this work. Homer-linked signaling complex is additionally notable
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Figure 1. Homer Binds Shank
(A) Schematic structure of Shank family pro-
teins. Arrows indicate positions of three pro-
line-rich sequences that are conserved in
Shank proteins and are potential Homer-
binding sites. Alignment of the Shank cDNA
fragments isolated from the yeast two-hybrid
screen with Homer1a as bait are shown (solid
lines). The regions of Shank3 used in (C) are
also indicated (hatched lines).
(B) The Shank cDNAs isolated from the yeast
two-hybrid screen (solid lines) were expressed
in HEK293 cells and assayed for binding to
GST±Homer1a. Input lanes contain 10% of
the extract used for the binding assay.
(C) Regions of Shank3 that contained one
of the three potential Homer-binding sites
(hatched lines in [A]) were expressed in
HEK293 cells and assayed for binding to
GST±Homer family members (1c, 2, and 3).
Only Shank3 1143±1408 binds Homer pro-
teins. Input lanes contain 2.5% of extract
used for binding assay.
(D) Full-length wild-type Shank3 and the indi-
cated point mutants that targeted the pre-
sumed Homer-binding site were expressed
in HEK293 cells and assayed for binding to
GST±Homer1c. Both point mutations dis-
rupted binding to Homer. Offered lanes con-
tain 10% of extract used for binding assay.
in that it can be dynamically regulated by Homer1a. Results
Homer1a can bind either mGluR1a/5 or IP3R, but does
not encode a CC domain, and cannot cross-link the Homer EVH1 Domain Binds a Proline-Rich Motif
of Shank Family Membersreceptors. Accordingly, Homer1a functions as a natural
dominant negative (Xiao et al., 1998). Consistent with Using Homer1a as bait in a Y2H screen of a rat cortex
and hippocampus cDNA library, we obtained multiplethis model, expression of the IEG form of Homer in
cerebellar Purkinje cells reduces and delays mGluR- cDNA isolates of two novel genes. Sequencing and full-
length cloning identified these as Shank1 and 3 (Figuremediated release of intracellular Ca21 (Tu et al., 1998).
These observations suggest that upregulation of Ho- 1a; see Naisbitt et al., 1999). Shank family proteins are
closely related to a previously described protein, termedmer1a, which occurs in response to synaptic activity,
dampens glutamate-induced release of Ca21 from intra- cortactin-binding protein (CortBP-1) (Du et al., 1998).
Shank cDNAs derived from the Y2H screen were ex-cellular IP3R-gated stores.
To gain further insight into the physiological function pressed in HEK293 cells for GST pulldown assays with
GST±Homer1a. Each of the Shank polypeptides specifi-of Homer, we have characterized a novel family of pro-
teins that were identified based on their interaction with cally bound Homer1a (Figure 1B). Based on our previous
finding that the Homer EVH1 domain binds a specificHomer1a in a yeast two-hybrid (Y2H) screen. These
Homer-interacting proteins are here shown to be identi- proline-rich motif, we identified three potential Homer-
binding sites (or Homer ªligandsº) that are conserved incal to the Shank family of PSD proteins that interact
with GKAP and the PSD-95 complex (reported in Naisbitt Shank1, 2, 3, and CortBP-1 (Figure 1A; Naisbitt et al.,
1999). To define the Homer-binding site on Shank familyet al., 1999 [this issue of Neuron]). Shank uses distinct
domains to bind to GKAP and Homer, thus it can bridge proteins, we tested deletion fragments of Shank3 that
included aa (amino acids) 559±908, aa 1143±1408, andbetween these two proteins. Since GKAP±Shank is as-
sociated with NMDA receptors through the PSD-95 aa 1379±1740 (Figure 1A) for their binding to Homer1b/c,
Homer2, and Homer3 in GST pulldown assays (Figurecomplex (Naisbitt et al., 1999), the Homer±Shank inter-
action suggests a possible biochemical link between 1C). Similar binding specificity was detected with each
of the Homer proteins. Only Shank3 (aa 1143±1408)NMDA receptors and Homer-associated proteins such
as mGluRs and IP3Rs. Such a linkage has important bound to Homer. This segment contains the sequence
that best conforms to the Homer ligand peptide consen-implications for coupling of NMDA receptors to intracel-
lular Ca21 release pools, and for excitatory synapse as- sus (LVPPPEEFAN; residues 1307±1316). A similar se-
quence is present in Shank1 (PLPPPLEFSN 1563±1572;sembly in general.
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(Figure 1D). Both point mutants showed dramatically
reduced binding to Homer, confirming the Homer ligand
in Shank3 as the principal site of interaction.
We previously demonstrated that amino acids 1±140
of the Homer EVH1 domain are necessary and sufficient
for binding to the Homer ligand (Brakeman et al., 1997;
Tu et al., 1998). To confirm that the EVH1 domain of
Homer mediates the interaction with Shank, we gener-
ated a series of point mutants of the Homer1 EVH1
domain. Mutations that disrupted binding to mGluR5
also disrupted binding to Shank3, indicating Homer
binds both proteins via a similar EVH1-dependent mech-
anism (J. Beneken et al., submitted; data not shown).
Homer Binds Shank Proteins In Vivo
To confirm the interaction between Homer and Shank
in a mammalian cell context, we performed coimmuno-
precipitation (co-IP) experiments in heterologous cells.
Myc-tagged Homer1b and Shank1 were coexpressed
in COS cells, and cell extracts were subjected to immu-
noprecipitation (IP) with Myc or Shank antibodies (Figure
2A). Homer1b was used in these experiments because
it expresses more efficiently in mammalian cells than
Homer1a. Figure 2A shows that Homer1b is effectively
co-IPed with Shank1 using either Shank or Myc anti-
bodies.
To confirm the in vivo relevance of the Homer±ShankFigure 2. Homer Associates with Shank in Heterologous Cells and
interaction, we performed co-IP experiments from de-In Vivo
tergent extracts of rat brain (Figure 2B). Antibodies(A) Co-IP of Shank1 and Homer1b from COS7 cells. COS7 cells were
transfected with myc±Homer1b alone, Shank1 alone, or Shank1 1 raised against a fusion protein of Shank1 immunoprecip-
myc±Homer1b, as indicated. Detergent extracts were IPed and blot- itated Homer1b/c proteins as well as Shank from rat
ted with myc, Shank, or control (nonimmune IgG) antibodies. Note forebrain. As a confirmation of specificity, we demon-
co-IP of Homer with Shank Ab and of Shank with myc Ab only strated that GRIP was not co-IPed with Shank and nei-
from cells coexpressing both Shank and myc±Homer1b. Input lanes
ther Shank or Homer were precipitated by nonimmunecontain 10% of extract used for IP.
IgGs. Extending this result, we used an independent(B) Co-IP of Homer1b/c and Shank from rat brain. Detergent extracts
of P2 1 P3 fractions from rat forebrain were IPed with Shank (5/e) Shank antibody generated against a GST±Shank3 fusion
or control (nonimmune IgG) antibodies. Immunoprecipitates were protein and confirmed co-IP of Homer1b/c from both
blotted for Homer, Shank, and GRIP Abs. Multiple Shank polypep- cerebellum and cortex (Figure 2C).
tides are expressed in brain; the predominant band (z160 kDa) is
indicated by arrow. Input contains 10% of extract used for IP.
Homer Proteins Interact with Components(C) Co-IP of Homer1b/c from detergent extracts of cortex and cere-
of NMDA Receptor/PSD-95 Complexbellum using an independent Shank Ab raised against Shank3 (aa
1379±1675) or preimmune serum (PI). Input contains 10% of extract As part of our analysis of Shank protein, we performed
used for IP. A Western blot using this Shank Ab is presented in a Y2H screen of the same rat brain cDNA library using
Figure 6A. the PDZ domain of Shank3 as bait. From this screen,
we isolated two identical clones of the C terminus of
GKAP-3/SAPAP3. In the reciprocal screen, Naisbitt etsee Figure 2 of Naisbitt et al., 1999). CortBP possesses
two similar sites; (PLPPPLEFAN 813±822) and (FLP al. (1999) isolated multiple clones of Shank1, 2, and 3
using GKAP as bait. This result provides independentPPESFDA 878±887). The more N-terminal fragment
Shank3 (aa 559±908), which includes the PDZ domain, confirmation of the specificity of the interaction between
the Shank and GKAP/SAPAP families of proteins.and the first proline-rich motif did not bind to Homer,
but did bind to GKAP (see Figure 3A; Naisbitt et al., The cDNA from the Y2H screen encoding the C-termi-
nal 347 amino acids of GKAP-3 was expressed in1999). Similarly, Shank3 (aa 1379±1740), which includes
the C-terminal proline-rich sequence and the SAM do- HEK293 cells and tested for binding to GST fusion con-
structs of Shank3 and other PDZ-containing proteinsmain, did not bind to Homer, though it is capable of
binding itself and cortactin (Naisbitt et al., 1999). These (Figure 3A). The GST fusion of Shank3 containing just
the PDZ domain (aa 559±673) was sufficient to bindstudies identify the Homer-binding site as being distinct
from either the PDZ domain that binds GKAP, or the GKAP3, while a Shank3 construct lacking the PDZ do-
main (aa 665±908) failed to bind. Additionally, PDZ do-more C-terminally positioned proline-rich binding site
that binds cortactin (Naisbitt et al., 1999). mains of GRIP and SAP102 failed to pull down GKAP3,
demonstrating the specificity of the GKAP±Shank inter-To confirm the site of Homer interaction, we tested
site-directed point mutants of the putative Homer li- action.
The above findings suggest that Homer, Shank, andgand in Shank3. Full-length wild-type Shank3, Shank3
(P1311L), and Shank3 (F1314C) were expressed in GKAP may assemble into a ternary complex. To explore
this further, we performed GST pulldown assays fromHEK293 cells and assayed for binding to GST±Homer1c
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serve to link Homer with components of the NMDA clus-
tering complex, we looked for coclustering of these pro-
teins in transfected COS cells. In cells coexpressing
Homer1b and PSD-95, both proteins showed a diffuse
distribution in the cytoplasm (Figure 4A). This is not
surprising, since Homer and PSD-95 do not interact
directly. Significantly, when cells were transfected with
Shank1 and GKAP in addition to Homer and PSD-95,
Homer and PSD-95 redistributed into plaque-like clus-
ters in which both proteins were exactly colocalized
(Figures 4B and 4C). By contrast, coclustering of Homer
and PSD-95 was not supported by cotransfection of
Homer and PSD-95 with either Shank1 or GKAP alone
(data not shown). Thus, Homer and PSD-95 cocluster
only upon coexpression of Shank and GKAP. These
results imply that Shank and GKAP can mediate the
formation of a quaternary protein complex containing
PSD-95 and Homer (see also Figure 4 of Naisbitt et
al., 1999). Interestingly, cells expressing Homer1b and
Shank1 (without GKAP or PSD-95) exhibited a redistri-
bution of Homer1b into a reticular filamentous pattern,
as well as into clusters; in both kinds of structures,
Shank and Homer immunoreactivities were colocalized
(Figure 5D). These findings provide further evidence for
an interaction between Homer and Shank and suggest
that Homer1b and Shank can coassemble into higher
order macrocomplexes. Note this result is consistent
with the biochemical properties of Shank that include
its ability to self-multimerize and bind cortactin (Naisbitt
et al., 1999). Since Shank, GKAP, and PSD-95 are com-
ponents of NMDA receptor-associated complex (Nais-Figure 3. PDZ Domain of Shank3 Specifically Binds GKAP
bitt et al., 1999), the identification of Homer as a Shank-(A) A C-terminal fragment of GKAP3/SAPAP3, isolated in a yeast
binding protein invokes a biochemical link between thetwo-hydrid screen with Shank3 PDZ domain as bait, was expressed
NMDA receptor complex and Homer-associated synap-with an N-terminal myc tag in HEK293 cells. Pulldown assays were
performed with GST constructs of Shank3 559±908 (includes PDZ tic proteins such as mGluR1a/5 and IP3R.
domain 1 235 aa C-terminal of the PDZ; lane 1), Shank3 665±908
(lacking the PDZ domain; lane 2) Shank3 559±673 (includes only the Homer±Shank Complex Clusters Group 1
PDZ domain; lane 3), SAP102 PDZ 1±3 (lane 4), Grip PDZ 4±6 (lane
Metabotropic Receptors5), Homer1a (lane 6), Homer1c (lane 7), or GST alone (lane 8). Input
Based on the observations in heterologous cells thatcontains 10% of that the extract used for binding assay.
(B) GST pulldown assay from rat brain showing Homer/Shank/GKAP Shank clusters with Homer1b (Figure 5D) and that Shank
binding. GST fusions of GKAP1a (C-terminal; residues 591±666) or together with GKAP can mediate the coclustering of
Shank1 (SH3±PDZ; residues 471±692) were incubated with rat fore- Homer and PSD-95 (Figures 4B and 4C), we examined
brain extracts. Bound proteins were immunoblotted as indicated. the possibility that Shank can mediate clustering of
Input lane contains 10% of extract used for pulldowns. GST-
group 1 mGluRs. Coexpression of Shank1 and mGluR5GKAP(C-term) specifically pulls down Homer1b (middle panel) along
in COS cells did not result in obvious clustering of eitherwith Shank (lower panel) but does not pull down NR1, synaptophy-
sin, or GAD (see Naisbitt et al., 1999). GST±Shank1 (SH3±PDZ) spe- protein (Figure 5A). Likewise, Homer and mGluR5 do
cifically pulls down GKAP (top panel), but not Homer. The GST± not form coclusters (data not shown). Coexpression of
Shank1 (SH3±PDZ) pulldown was not immunoblotted for Shank, the three proteins Homer, Shank1, and mGluR5, how-
because the Shank antibodies recognize the GST fusion protein. ever, resulted in conspicuous coclustering of mGluR5
with Shank1 (Figure 5B). Clustering of mGluR5 in these
triply transfected cells was dependent on the ability of
rat brain extracts. The C-terminal 76 amino acids of Homer to bind the receptor since a point mutant of
GKAP1a, containing the Shank PDZ-binding sequence mGluR5 that does not interact with Homer failed to
QTRL, was fused to GST [GST-GKAP(C-term)]. GST- cocluster with Shank (Figure 5C). Thus, both Homer and
GKAP(C-term) specifically pulled down both Shank and Shank are required to mediate the clustering of mGluR5.
Homer1b/c, but not GKAP1 (Figure 3B) or several other
proteins (Naisbitt et al., 1999). Since GKAP binds directly Shank and Homer Colocalization at Specific
to Shank but not to Homer (Figure 3A; Naisbitt et al., Postsynaptic Densities
1999), the results suggest that the GKAP pulldown of An antibody generated against a C-terminal region of
Homer is mediated by Shank. These findings corrobo- Shank3 (aa 1379±1675) was used to examine the ultra-
rate the co-IP of Shank and Homer from brain extracts structural distribution of the Shank proteins in brain.
(Figures 2B and 2C) and confirm that Homer is associ- This antibody recognizes multiple bands on brain immu-
ated with Shank in a native complex. noblots, including major bands of approximately 160±
180 kDa and approximately 210 kDa in forebrain andTo examine the hypothesis that Shank proteins may
Shank±Homer Links Glutamate Receptor Complexes
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Figure 4. Coclustering of Homer with PSD-
95 Mediated by GKAP±Shank in Heterolo-
gous Cells
(A) COS7 cells cotransfected with myc±
Homer1b 1 PSD-95 were double labeled for
PSD95 (Cy3, A1) and myc (FITC, A2). Doubly
transfected cells exhibit diffuse intracellular
staining with no evidence of coclustering.
This is also true of Shank and PSD95 (see
Naisbitt et al., 1999).
(B and C) Two examples of COS7 cells qua-
druply transfected with myc±Homer1b, Shank1,
GKAP1a, and PSD95. Double labeling for
PSD95 (Cy3, B1 and C1) and myc±Homer
(FITC, B2 and C2) now exhibits striking colo-
calization of Homer and PSD95 in clusters. A
cell that is not transfected with PSD-95 shows
no clustering of Homer (lower cell, C2).
cerebellum (Figure 6A), similar to those seen with other -SSSL; mGluR5, -SSTL) and therefore examined
whether the PDZ domain of Shank can directly bindShank antibodies (see Naisbitt et al., 1999). The different
size bands presumably derive from the multiple Shank the C terminus of group 1 mGluRs. We performed GST
pulldown assays using extracts from heterologous cellsgenes and splice variants. All Shank immunoreactivity
was blocked by incubation of the Shank Ab with the expressing a recombinant mGluR5 C-terminal 241 aa
peptide (Figure 7A). The mGluR5 C-terminal tail boundShank fusion protein antigen (Figure 6A).
By immunogold EM, intense Shank immunoreactivity two partially overlapping constructs of Shank3 that in-
cluded the PDZ domain (aa 559±908 and aa 559±673),was detected at the PSD of CA1 pyramidal neurons
(Figure 6B). Gold particles were distributed over the but not a construct from which the PDZ domain was
deleted (aa 665±908). Binding of mGluR to the Shank3entire region of the PSD. In the same preparations, Ho-
mer1b/c was found to codistribute with Shank (Figure PDZ domain was qualitatively similar to mGluR5 binding
to Homer1c and Homer2 (Figure 7A, compare lanes 16B). In all profiles with immunostaining for both Shank
and Homer, gold particles were present over the PSD and 3 and lanes 6 and 7). Negative controls included
absence of binding of mGluR to SAP102 PDZ 1±3 andbut also extended into the region subjacent to the PSD.
It is notable that this distribution is contiguous with that GRIP PDZ 4±6. Furthermore, a deletion mutant of the
mGluR5 polypeptide that lacked the C-terminal 4 aaof NMDA receptors associated with the postsynaptic
membrane (Petralia et al., 1999) and distinct from that failed to bind to the PDZ domain of Shank3. Identical
interactions between Shank PDZ and mGluR5 C-termi-of mGluR5, which is most prevalent in the perisynaptic
membrane region just outside the PSD (Lujan et al., nal tail were detected in a Y2H analysis (data not shown).
These studies indicate that the PDZ domain of Shank31996). This spatial localization is consistent with the idea
that Shank3 and Homer interact with components of can bind the C terminus of group 1 metabotropic recep-
tors via a PDZ-mediated interaction with the C-terminalboth the NMDA receptor and metabotropic receptor sig-
naling complexes. sequence -SSTL.
To confirm that Shank3 PDZ domain can bind full-
length native mGluRs, we performed GST pulldown assaysThe Shank3 PDZ Domain Binds the C Terminus
of Group 1 Metabotropic Receptors Directly at with detergent extracts of forebrain or cerebellum. The
PDZ domain of Shank3 bound specifically to mGluR1aa Site Distinct from the Homer-Binding Site
The Shank PDZ domain shows selective binding to the and mGluR5 from cerebellum and forebrain, respec-
tively. (Cerebellum predominantly expresses mGluR1,GKAP C terminus (Figure 3A; Naisbitt et al., 1999). We
noted a similarity between the C-terminal sequence of while forebrain expresses predominantly mGluR5.) While
it is possible that the Shank3 PDZ pulldown of mGluRsGKAP (-QTRL) and that of the group 1 mGluRs (mGluR1a,
Neuron
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Figure 5. mGluR5 Coclustering with Homer±Shank
(A) COS7 cells cotransfected with mGluR5 1 Shank1 were double labeled for mGluR5 (FITC, A1) and Shank (Cy3, A2). Doubly transfected
cells exhibit diffuse intracellular staining with no evidence of interaction.
(B) COS7 cells triply transfected with mGluR5 1 Homer 1 Shank1 and labeled with mGluR5 (FITC, B1) and Shank (Cy3, B2) exhibit colocalization
in clusters and along filaments.
(C) COS7 cells triply transfected with a point mutant of mGluR5 (P1125L does not bind Homer) 1 Homer 1 Shank1 and labeled with mGluR5
(FITC, C1) and Shank (Cy3, C2). Mutant mGluR5 and Shank are not colocalized.
(D) COS7 cells doubly transfected with myc±Homer1b (FITC, D1) 1 Shank1 (Cy3, D2) exhibit colocalization of these proteins in clusters and
along filaments.
from brain extracts is indirect, via Shank PDZ pulling components of the NMDA and group 1 metabotropic
receptor signaling pathways. Shank proteins are specifi-down a GKAP/Shank/Homer/mGluR complex, this ex-
tended complex is unlikely given the more modest ability cally enriched at excitatory synapses and colocalize
with NMDA receptors in primary neuronal cultures (seeof GST±GKAP to pull down Homer (Figure 3B).
These studies suggest that Shank may interact with Naisbitt et al., 1999). Shank proteins are associated with
the NMDA receptor/PSD-95 complex and appear to bethe cytoplasmic tail of mGluR1a/5 both directly, via its
PDZ domain, and indirectly, via Homer. The inability of recruited to excitatory synapses by virtue of their inter-
action with GKAP, a synaptic protein that binds to theShank1 to cluster mGluR5 in the absence of Homer
(Figure 5) indicates that the direct PDZ-dependent guanylate kinase domain of PSD-95 (Kim et al., 1997;
Naisbitt et al., 1997, 1999; Takeuchi et al., 1997). InmGluR/Shank interaction is not independently sufficient
for clustering. However, both modes of interaction with addition to the PDZ domain that binds GKAP, Shank
contains domains that mediate self-multimerization andmGluR may be involved in mGluR clustering by Shank
and contribute to physiological regulation. interaction with cortactin (Naisbitt et al., 1999). Shank
also directly interacts with Homer (the focus of this pa-
per). Homer and Shank proteins colocalize at the PSDDiscussion
of CA1 pyramidal neurons, and native Homer±Shank
complexes were identified in brain using GST pulldownIn the present study, we describe a novel interaction
between Shank and Homer, which may connect together assays of Shank with GKAP. Additionally, Homer and
Shank±Homer Links Glutamate Receptor Complexes
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Figure 6. Colocalization of Shank and Homer1b/c at CA1 PSDs
(A) Immunoblots of brain fractions with Shank antiserum. SDS (2%)
extracts of cortex, hippocampus, and cerebellum were fractionated
by SDS-PAGE on a 4%±20% gradient gel and blotted with preim-
mune serum (lanes 1±3), Shank immune serum (lanes 4±6), and
immune serum preabsorbed with GST±Shank3 antigen (lanes 7±9).
Shank antiserum specifically detects multiple bands, including ma-
jor bands at z160±180 kDa and z210 kDa.
Figure 7. Shank3 PDZ Binds C Terminus of Group 1 mGluRs(B) Immungold EM labeling of Shank and Homer1b/c at synapses
(A) mGluR5 C-terminal tail (241 aa) tagged with myc at its N terminusof the CA1 stratum radiatum region of the hippocampus. Single
was expressed in HEK293 cells and assayed for binding to GSTlabeling ([Ba and Bb], 10 nm gold) for Shank shows concentration
proteins including of Shank3 559±908 (includes PDZ domain andat the postsynaptic density. In double-labeled material (Bc and Bd),
235 C-terminal aa; lane 1), Shank3 665±908 (deletes PDZ domain;Shank (10 nm gold) is associated closely with Homer1b/c (20 nm
lane 2), Shank3 559±673 (includes only PDZ domain; lane 3), SAP102gold) in the same synapses. Scale bar, 0.2 mm.
PDZ 1±3 (lane 4), Grip PDZ 4±6 (lane 5), Homer1c (lane 6), Homer2
(lane 7), or GST (lane 8). Deletion of the C-terminal 4 aa of the
mGluR5 construct blocked binding to Shank3 559±908 (lane 10).Shank co-IP from brain. These observations confirm that
Input lanes contain 10% of extract used for binding assay.the Homer±Shank interaction is physiologically relevant.
(B) Detergent extracts of cerebellum and cortex were assayed for
Biochemical studies indicate that the Homer±Shank in- binding to GST proteins of Shank3 559±673 (includes PDZ domain
teraction is mediated by the EVH1 domain of Homer that only; lanes 1 and 6), Shank3 665±908 (deletes PDZ domain; lanes
binds to a conserved Homer ligand site (Tu et al., 1998) 2 and 7), Grip PDZ 4±6 (lanes 3 and 8), and GST (lanes 4 and 9).
Input lanes contain 5% of extract used for binding assay.present in the proline-rich domain of Shank proteins.
The site of Homer interaction on Shank is distinct from
the site required for cortactin binding. A quaternary com-
plex of Homer/Shank/GKAP/PSD-95 is assembled in NMDA receptor scaffold. Thus, the Homer±Shank inter-
action could be relevant to synaptogenesis, by dockingheterologous cells, with Homer and PSD-95 colocalizing
in large clusters. Thus, Shank provides a molecular mGluRs to a preestablished core of NMDA receptors.
In support of such a mechanism, functional NMDA re-bridge that links the NMDA receptor complex with
Homer and its associated proteins. ceptors appear to precede the emergence of metabo-
tropic receptors in the hippocampus and cerebellumThe Homer±Shank interaction offers a mechanism for
clustering of group 1 mGluRs. Previous clustering mole- (Golshani et al., 1998). Homer proteins, in association
with Shank, could function to localize and cluster thecules have been identified for a variety of receptors and
ion channels (Sheng and Wyszynski, 1997; Hsueh and mGluRs in proximity to NMDARs and may contribute to
the perisynaptic localization of group 1 metabotropicSheng, 1998), but the present study is the first descrip-
tion of a clustering activity for group 1 mGluR. It is receptors (Lujan et al., 1997). In this regard, the ability
of the Shank PDZ domain to bind directly to the C termi-notable that the mechanism of clustering involves an
Neuron
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using Quik Change (Stratagene). GST fusion constructs were pre-anchoring of receptors at the synapse. It will be of inter-
pared by polymerase chain reaction (PCR) using Pfu Polymeraseest to determine the temporal sequence of accumulation
(Stratagene) with specific primers that included SalI and NotI se-of these interacting proteins in synapses.
quences. After digestion with SalI/NotI, PCR products were sub-
By linking NMDA and mGluR signaling pathways, the cloned into pGEX4T-2 vector (Pharmacia Biotech, Uppsala, Sweden)
Homer±Shank interaction might contribute to examples or N-myc-tagged pRK 5 vector (modified from Genentech). All con-
structs were confirmed by sequencing. GST fusion proteins wereof glutamate receptor cross-talk for which physical
expressed in BL21 E. coli strains (GIBCO-BRL). Bacteria were har-proximity of molecules may be important, such as their
vested and lysed in PBS, 1% Triton X-100, and 2 mM phenylmethyl-cooperative activation of phospholipase C (Otani and
sulfonyl fluoride (PMSF) and pelleted at 13,000 rpm (Sorvall SS-34)Connor, 1998) or protein kinase C (Aniksztejn et al., 1991;
at 48C for 5 min. Proteins were purified by incubating 1 ml bed
Ben-Ari et al., 1992). Additionally, the Homer/Shank/ volume glutathione±sepharose beads (Sigma) with bacterial super-
GKAP/PSD-95 assembly may mediate physical associa- natant at 48C for 10 min and washed twice with PBS and PBS plus
1% Triton X-100. Bound proteins were eluted with 10 mM glutathionetion (and perhaps functional coupling) of the NMDAR
and dialyzed against PBS at 48C. Protein concentrations were mea-with IP3R/RYR and intracellular Ca21 stores. Consistent
sured by BCA (Pierce). mGluR5 constructs and mutants are de-with such a functional interaction, recent studies indi-
scribed in Tu et al. (1998).cate that NMDA receptor-dependent increases in spine
Ca21 may derive from intracellular stores by a mecha-
GST Pulldown and Coimmunoprecipitation Assays
nism of Ca21-induced Ca21 release (CICR) (Emptage et Expression constructs were transiently transfected into HEK293
al., 1999; reviewed by Svoboda and Mainen, 1999). Both cells by the calcium phosphate method. Cells were lysed 24±48 hr
posttransfection with PBS 1 1% Triton X-100. GST pulldown assaysIP3R and ryanodine receptor channels possess CICR
were performed by mixing 100 ml cell lysates with beads chargedproperties (Berridge, 1998) and are similarly localized in
with GST fusion proteins (1±3 mg/50 ml bed vol) at 48C for 2 hrdendrites and spines of specific neuronal types (Satoh
followed by washing once with PBS, once with PBS 1 1% Tritonet al., 1990; Villa et al., 1992). Moreover, IP3 increases
X-100. Bound proteins were eluted with 100 ml 23 SDS loading
the sensitivity of the IP3R to Ca21 for CICR (Berridge, buffer and detected by SDS-PAGE and immunoblotting using ECL
1998). Thus, a signal transduction complex that com- reagents (Amersham). GST pulldown assays of mGluR1a and
mGluR5 from brain lysates were performed by sonicating rat cere-bines mGluR and NMDAR with CICR channels could
bellum or cortex in 50 mM Tris, 1 mM EDTA, 1% CHAPS (Sigma),underlie synergistic effects of mGluRs on NMDA-depen-
0.5% deoxycholic acid (Sigma) and proteinase inhibitors with GSTdent responses as reported in studies of LTP (Bashir et
proteins and processed as above. For GST pulldown experimentsal., 1993; Bortolotto et al., 1994; but see also Selig et
in Figure 3B, see Naisbitt et al. (1999). For immunoprecipitation from
al., 1995) and rationalize the reduction NMDA responses COS7 cells (Figure 2A), transfected cells were extracted in RIPA
and LTP in group 1 mGluR mutant mice (Aiba et al., (see Naisbitt et al., 1999). Soluble extracts were precipitated with 2
mg control nonimmune IgG, Myc, or Shank1 (56/e) antibodies (Nais-1994; Lu et al., 1997; but see also Conquet et al., 1994).
bitt et al., 1999).The present studies define a network of synaptic pro-
Extracts of forebrain crude synaptosomes for immunoprecipita-tein interactions that are shared by both NMDA recep-
tion (Figure 2B) were prepared using deoxycholic acid as describedtors and group 1 mGluRs and that may link these recep-
previously (Dunah et al., 1998). Forebrain P2 fraction was extracted
tors to each other and to intracellular Ca21 stores. The in 1% deoxycholic acid, dialyzed over night into 0.1% Triton X-100,
proposed model for Shank- and Homer-dependent clus- 50 mM Tris (pH 7.4). Concurrently, 5 mg each antibody was preincu-
bated overnight with 10 ml bed volume protein A±sepharose. Aftertering requires that Homer be multivalent in order to
centrifugation at 100,000 3 g for 1 hr, 50 mg of extract was incubatedcross-link Shank/GKAP/PSD-95 to IP3R/RYRs and to
with antibody±protein A in 100 ml 0.1% Triton X-100, 50 mM TrismGluRs. This is achieved by multimerization of constitu-
(pH 7.4) for 2 hr at 48C. Pellets were washed four times with 1 mltively expressed CC-Homers (Xiao et al., 1998). In this
of incubation buffer, and bound proteins were analyzed by immu-
context, the monovalent Homer1a IEG product appears noblotting as above (see Naisbitt et al., 1999, for details).
to function to uncouple proteins that are linked via
the constitutively expressed CC-Homer multimers and, Antibodies
Shank antibodies were raised in rabbits immunized with GST fusionsthereby, dynamically regulate the assembly of this post-
of Shank3 residues 1379±1740 and 1379±1675 (Covance). Similarsynaptic network. Activity-dependent increases in Ho-
bands were seen on rat brain immunoblots with both antisera. GKAP,mer1a may be anticipated to modulate both mGluR- and
PSD-95, and Shank1 (56/e) antibodies are described in Naisbitt etNMDA-dependent Ca21 responses in spines.
al. (1999). Homer antibodies were described previously (Xiao et al.,
1998). Anti-mGluR 1a monoclonal antibody is from Pharmingen and
rabbit polyclonal mGluR5 antiserum was obtained from Rick HuganirExperimental Procedures
(Johns Hopkins).
Yeast Two-Hybrid Screen
Homer1a was subcloned into pPC97 (Chevray and Nathans, 1992) Transfection and Clustering in Heterologous Cells
and used to screen a random primed cDNA library prepared from COS7 cells were transfected using the Lipofectamine method
seizure-stimulated rat hippocampus and cortex cloned in pPC86 (GIBCO-BRL) on polylysine-coated coverslips for clustering experi-
(Chevray and Nathans, 1992) as described previously (Brakeman et ments, as described in Naisbitt et al. (1999) and Kim et al. (1996).
al., 1997). The same library was rescreened using the PDZ domain Primary antibodies were used as follows: GKAP C9589, 1 mg/ml
of Shank3 (aa 559±673) cloned into pPC86. The Shank3 PDZ domain (Naisbitt et al., 1999); Shank 56/e, 0.5 mg/ml (Naisbitt et al., 1999);
was also tested for interaction with mGluR constructs in pPC86. PSD-95, 1:1000 diluted guinea pig serum (Kim et al., 1995). Cy3- and
mGluR5 constructs included a wild-type C-terminal 241±amino acid FITC-conjugated secondary antibodies (Jackson Immunoresearch)
fragment and a 4±amino acid C-terminal deletion of the same were used at dilutions of 1:500 and 1:100, respectively.
fragment.
Immunoelectron Microscopy
We used a postembedding immunogold method as described pre-Expression Constructs
Shank expression constructs were prepared as described (Naisbitt viously (Zhao et al., 1998; Petralia et al., 1999). Briefly, a male
Sprague-Dawley rat was perfused with 4% paraformaldehyde pluset al., 1999). Site-directed point mutants of Shank were generated
Shank±Homer Links Glutamate Receptor Complexes
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0.5% glutaraldehyde in 0.1 M phosphate buffer. Parasagittal sec- (1994). Motor deficit and impairment of synaptic plasticity in mice
tions (250 mm) of the hippocampus were cryoprotected in 30% lacking mGluR1. Nature 372, 237±243.
glycerol and frozen in liquid propane in a Leica EM CPC. Frozen Du, Y., Weed, S.A., Xiong, W.C., Marshall, T.D., and Parsons, J.T.
sections were immersed in 1.5% uranyl acetate in methanol at (1998). Identification of a novel cortactin SH3 domain-binding pro-
2908C in a Leica AFS freeze substitution instrument, infiltrated with tein and its localization to growth cones of cultured neurons. Mol.
Lowicryl HM 20 resin at 2458C, and polymerized with UV light. Thin Cell. Biol. 18, 5838±5851.
sections were incubated in 0.1% sodium borohydride plus 50 mM
Dunah, A.W., Luo, J., Wang, Y.H., Yasuda, R.P., and Wolfe, B.B.
glycine in Tris-buffered saline/0.1% Triton X-100 (TBST), followed
(1998). Subunit composition of N-methyl-D-aspartate receptors inby 10% normal goat serum (NGS) in TBST, primary antibody in 1%
the central nervous system that contain the NR2D subunit. Mol.NGS/TBST, 10 nm immunogold (Amersham) in 1% NGS/TBST plus
Pharmacol. 53, 429±437.0.5% polyethylene glycol, and finally staining in uranyl acetate and
Emptage, N., Bliss, T.V., and Fine, A. (1999). Single synaptic eventslead citrate. For double labeling, the first primary antibody (Shank;
evoke NMDA receptor-mediated release of calcium from internalShank3 1379±1675 antigen) and corresponding immunogold-conju-
stores in hippocampal dendritic spines. Neuron 22, 115±124.gated antibody (10 nm gold) were applied, sections were exposed
to paraformaldehyde vapors at 808C for 1 hr, and the second primary Finch, E.A., and Augustine, G.J. (1998). Local calcium signaling by
(Homer1b/c) and secondary (20 nm gold; Ted Pella/BBI Interna- inositol-1,4,5-trisphosphate in Purkinje cell dendrites. Nature 396,
tional) antibodies were applied the following day. Controls (showing 753±756.
little or no gold labeling) included absence of the primary antibody Gertler, F.B., Niebuhr, K., Reinhard, M., Wehland, J., and Soriano,
for single labeling and absence of the second primary antibody P. (1996). Mena, a relative of VASP and Drosophila Enabled, is impli-
for double labeling. Primary antibodies were used at dilutions of
cated in the control of microfilament dynamics. Cell 87, 227±239.
1:100±1:300 for Shank and 1:400 for Homer1b/c.
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